Lipid mediators regulate bone regeneration during fracture healing. Prostaglandins and leukotrienes are well-known lipid mediators that regulate inflammation and are synthesized from the O-6 fatty acid, arachidonic acid. Cyclooxygenase (COX-1 or COX-2) and 5-lipoxygenase (5-LO) catalyze the initial enzymatic steps in the synthesis of prostaglandins and leukotrienes, respectively. Inhibition or genetic ablation of COX-2 activity impairs fracture healing in animal models. Genetic ablation of COX-1 does not affect the fracture callus strength in mice, suggesting that COX-2 activity is primarily responsible for regulating fracture healing. Inhibition of cyclooxygenase activity with nonsteroidal anti-inflammatory drugs (NSAIDs) is performed clinically to reduce heterotopic ossification, although clinical evidence that NSAID treatment impairs fracture healing remains controversial. In contrast, inhibition or genetic ablation of 5-LO activity accelerates fracture healing in animal models. Even though prostaglandins and leukotrienes regulate inflammation, loss of COX-2 or 5-LO activity appears to primarily affect chondrogenesis during fracture healing. Prostaglandin or prostaglandin analog treatment, prostaglandin-specific synthase inhibition and prostaglandin or leukotriene receptor antagonism also affect callus chondrogenesis. Unlike the O-6-derived lipid mediators, lipid mediators derived from O-3 fatty acids, such as resolvin E 1 (RvE1), have anti-inflammatory activity. In vivo, RvE1 can inhibit osteoclastogenesis and limit bone resorption. Although O-6 and O-3 lipid mediators have clear-cut effects on inflammation, the role of these lipid mediators in bone regeneration is more complex, with apparent effects on callus chondrogenesis and bone remodeling.
Introduction
Bone fracture healing recapitulates many events associated with fetal endochondral bone development. However, inflammation is an early physiological response to a fracture that does not appear to occur during fetal bone development or during normal adolescent bone growth. 1 This suggests that events associated with inflammation may be necessary for fracture healing to occur successfully. Indeed, nonsteroidal anti-inflammatory drugs (NSAIDs) that inhibit inflammation also impair fracture healing. 2 NSAIDs reduce the synthesis of lipid mediators that regulate inflammation by inhibiting cyclooxygenase activity. This indicates that cyclooxygenase-derived lipid mediators have a critical role in promoting fracture healing. Understanding how lipid mediators govern fracture healing is necessary to identify novel approaches to promote bone regeneration and better patient care.
Lipid Mediator Synthesis from AA, EPA and DHA Lipid mediators are bioactive lipids involved in cell signaling and are known to regulate a variety of physiological and pathological processes. 3 Those lipid mediators derived from O-6 fatty acids that include arachidonic acid (AA; 20:4n-6) and O-3 fatty acids that include eicosapentaenoic acid (EPA; 22:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are known to be potent regulators of inflammation. 4 In general, O-6-derived lipid mediators promote inflammation, whereas O-3-derived lipid mediators resolve inflammation. As described below, manipulation of these pathways can profoundly impair or promote bone regeneration.
AA, EPA and DHA are stored in cell membranes as phospholipids. Thus, the initial step in utilizing these substrates for lipid mediator synthesis is to hydrolyze AA, EPA or DHA from phospholipids. The hydrolysis reaction can be catalyzed by several phospholipases. 5 However, the Group IVA calcium-dependent cytosolic phospholipase (Pla2g4a) appears to preferentially hydrolyze AA and can also hydrolyze EPA from phospholipids. 6 In contrast, hydrolysis of DHA from phospholipids appears to be preferentially performed by phospholipases other than cytosolic phospholipase, such as secreted phospholipase A 2 (Pla2g2a). 6 Once hydrolyzed, AA, DHA and EPA are either rapidly reinserted into the lipid membrane by lysophospholipid acyltransferases via the Lands cycle or are converted into lipid mediator intermediates by cyclooxygenase, lipoxygenase or cytochrome P450 catalysis as summarized in Figure 1 . The intermediates are converted into the active lipid mediators by a variety of enzymatic and nonenzymatic steps that can include transcellular reactions. For instance, the intermediate leukotriene A 4 (LTA 4 ) can be secreted by neutrophils and converted into active leukotriene B 4 (LTB 4 ) by LTA 4 hydrolase expressed in chondrocytes. 7 Loss of a specific synthetic enzyme has sometimes been associated with elevated synthesis of other lipid mediators through presumed intermediate shunting mechanisms. [8] [9] [10] Thus, one cannot assume that by inhibiting the activity of one enzyme only the immediate and downstream products of that enzyme will be affected. Indeed, nontargeted lipid mediator levels also should be measured to assess any shunting effects. After synthesis, the lipid mediators are secreted and signal or they are rapidly converted into excreted metabolites. Activation of AA-derived lipid mediator receptors typically regulates intracellular cyclic adenosine monophosphate (cAMP) production or intracellular calcium levels depending upon whether the receptor preferentially interacts with Gas (m cAMP), Gai (k cAMP) or Gaq (m Ca 2 þ ). 11 The Role of Lipid Mediator Synthesis Enzymes in Fracture Healing
Cyclooxygenase-2
Two cyclooxygenase isoforms, COX-1 and COX-2, catalyze critical steps in the synthesis of pro-inflammatory prostaglandins from AA. Inhibition of COX-2 has a clear detrimental effect on bone fracture healing in animal models. In several studies, fracture healing was delayed in animals treated with NSAIDs in that intermediate measures of healing were reduced in the NSAID-treated animals but ultimate healing was not significantly affected. 2 In contrast, fracture healing was severely impaired in rats treated with COX-2-selective NSAIDs, such as rofecoxib and celecoxib. 12 Healing in the COX-2-selective NSAID-treated rats was characterized by abnormal callus cartilage morphology and an apparent failure of the callus chondrocytes to progress into hypertrophy based upon reduced type X collagen mRNA levels. 13 Similar effects on type X collagen mRNA levels also have been observed in COX-2-null mice. 14 It was hypothesized that the failed chondrocyte hypertrophy stops endochondral bone formation, which leads to fracture nonunion. 13 In humans, NSAIDs, including COX-2-selective NSAIDs, are used therapeutically to limit heterotopic bone formation following hip fracture repairs. The heterotopic bone develops, at least in part, through an endochondral ossification pathway. In this regard, NSAIDs can clearly inhibit bone formation in humans. However, data regarding the effects of NSAIDs on fracture healing are less compelling as recently reviewed by Kurmis et al. 15 Burd et al. 16 found that 6 weeks of indomethacin therapy to reduce heterotopic ossification following hip fracture caused a significant increase in the development of fracture nonunions in different bones as compared with patients who received localized radiation to control heterotopic ossification (29% vs 7%). In most fracture patients, however, 6 weeks of indomethacin or other NSAID therapy to control pain may not be necessary. Further, it is unclear whether those patients who experience delayed fracture unions do so because of an extended period of NSAID use or whether the extended NSAID use is to control the symptoms of the delayed union brought about by other causes, and perhaps exacerbated by NSAID use. As NSAID dose and duration of treatment are critical factors in the development of fracture nonunions in animal models, understanding when NSAID therapy should be avoided during fracture healing could be critical for managing patient treatment. 17 Attempts to enhance fracture healing by overexpressing COX-2 at the fracture site have been performed. Using a retroviral vector to express human COX-2, rat fracture calluses injected with the COX-2 retrovirus appeared to heal faster. 18 In contrast, when mesenchymal cells were transduced with a retroviral vector expressing human COX-2 ex vivo and then transplanted into a murine calvarial defect, the COX-2expressing cells had no effect on healing but reduced bone mineral density when coadministered with mesenchymal cells transduced to express human bone morphogenetic protein 4. 19 Pulsed ultrasound also has been shown to increase COX-2 expression at mouse fracture sites, suggesting that extracorporeal mechanical stimulation of fracture healing may be mediated by enhanced COX-2 activity. 20 Cyclooxygenase-1 Few studies have specifically examined the effects of lost COX-1 activity on fracture healing. Preliminary experiments in COX-1-null mice showed that these mice developed normal fracture calluses suggesting that COX-1 is not critical for fracture healing. 12, 21 We performed a more in-depth analysis of fracture healing in COX-1-null mice, which included histomorphometry at 7, 10, 14 and 21 days after fracture ( Figure 2 ) and torsional mechanical testing at 4 weeks ( Figure 3 ) and 12 weeks (not shown). Whereas the COX-2-null calluses were smaller with less cartilage and bone, no differences between COX-1-null and control values were observed. Similarly, the COX-2-null peak torque, maximum rigidity, maximum shear stress and shear modulus values were significantly lower than control values (Po0.001) at 4 weeks after fracture, but no difference was observed between control and COX-1-null values. At 12 weeks after fracture, the COX-2-null maximum rigidity and maximum shear stress values remained significantly lower than control values (Po0.005), but again no difference was observed between control and COX-1-null values. Thus, any negative effect of NSAID treatment on fracture healing likely relates to the inhibition of COX-2 by that NSAID rather than COX-1. Nevertheless, loss of COX-1 activity does affect fracture callus biology as noted below.
Prostaglandin synthases
Prostaglandin H 2 (PGH 2 ) is the intermediary prostaglandin produced by cyclooxygenase and is converted into the bioactive lipid mediators PGD 2 , PGE 2 , PGF 2a , PGI 2 and thromboxane A 2 by specific synthases. 22 Altering the activity of these synthases can affect many inflammation-related processes. In terms of fracture healing, only microsomal prostaglandin E 2 synthase-1 (mPGES-1) has been specifically studied. Genetic ablation of mPGES-1 in mice has no apparent effects on normal skeletal development but causes a significant impairment in tibial fracture healing. 23 Tibial fractures in 5 of 10 mPGES-1-null mice failed to heal after 21 days, whereas 10 of 10 fractures healed in control mice. Levels of mPGES-1 mRNA peaked at 7 days after fracture in the mouse tibiae, which correlates with the peak period of callus cartilage formation. Consistent with this expression pattern, callus chondrocyte proliferation was significantly reduced in mPGES-1-null mice. This suggests that mPGES-1 promotes fracture healing through regulation of callus chondrogenesis. Interestingly, prostaglandin I 2 synthase-null mice have decreased bone mass as juveniles (5 weeks old) but elevated bone mass and bone formation rates as adults (34 weeks old). 24 This suggests that prostaglandin I 2 synthase may be a therapeutic target for enhancing bone formation.
5-Lipoxygenase (5-LO)
Inhibition of cyclooxygenase activity can shunt AA into the 5-LO pathway leading to increased leukotriene synthesis. 9 Indeed, fracture calluses of COX-2-null mice have significantly higher levels of LTB 4 . Addition of LTB 4 or especially 5-hydroxyeicosatetraenoic acid to cultured calvarial cells impairs bone formation in vitro. 25, 26 Further, bone cortical thickness is increased in mice lacking 5-LO, again suggesting that 5-LO lipid 27 Thus, it was hypothesized that the impaired fracture healing response observed in NSAIDtreated animals or in COX-2-null mice may be caused by excessive 5-LO lipid mediator synthesis. This hypothesis was tested by measuring the fracture healing response in rats treated with AA-861, a 5-LO inhibitor, and in 5-LO-null mice. 9, 13 In both cases, fracture healing was significantly accelerated with an B25% reduction in fracture callus bridging time relative to placebo-treated rats or control mice and with concomitant increases in callus mechanical properties. Cartilage formation and progression into hypertrophy appeared to be enhanced in the 5-LO-deficient animals, suggesting that endochondral ossification was occurring earlier and faster to heal the fracture. Although the experimental results support the hypothesis, the mechanism by which inhibition of 5-LO accelerates healing is not known. Suppression of 5-LO lipid mediator synthesis could contribute to promoting fracture healing, but inhibition of 5-LO also caused a significant increase in fracture callus COX-2 mRNA levels that could aid in healing.
5-LO-activating protein (FLAP) is an essential cofactor for 5-LO activity. Loss or inhibition of FLAP does inhibit 5-LO activity but the effects of FLAP inhibition on bone biology have not been investigated.
Once 5-LO has synthesized LTA 4 , the LTA 4 is converted into LTB 4 by LTA 4 hydrolase or into leukotriene C 4 (LTC 4 ) by LTC 4 synthase. LTC 4 is subsequently modified to create leukotriene D 4 and leukotriene E 4 . The effects of inhibiting these enzyme activities on fracture healing have not been reported. However, LTA 4 hydrolase and LTC 4 synthase are expressed in chondrocytes and can mediate transcellular synthesis of LTB 4 and LTC 4 . 7 Interestingly, LTA 4 hydrolase shares many structural properties with angiotensin-converting enzyme (ACE) such that some ACE inhibitors can also inhibit LTA 4 hydrolase and certain ACE inhibitors have been shown to promote fracture healing. 28 Other lipid mediator synthesis enzymes Variations in human and mouse bone mass have been associated with 12-and 15-lipoxygenase activity. In mice, a single gene, Alox15, encodes a protein with both 12-and 15-lipoxygenase activity, and genetic or pharmacological inhibition of 12/15-LO activity increased bone mineral density in mice. 29 In separate studies, variations in human bone mineral density have been associated with polymorphisms in the 12-lipoxygenase and 15-lipoxygenase genes. 30, 31 However, no published reports describe how loss of 12/15-LO activity affects fracture healing. In addition, although many other enzymes involved in synthesis of AA-, EPA-and DHA-derived lipid mediators have been investigated for their roles in inflammation and inflammation-related pathologies, no published reports of how these enzymes affect fracture healing are available.
Mechanistic interpretation
The mechanism by which COX-2 and associated lipid mediators regulate fracture healing remains unknown. As indicated Figure 3 Mechanical testing analysis of fractured femurs from COX-deficient mice. Fractured femurs and contralateral control femurs were collected from COX-1-null, COX-2-null, wild-type and mice heterozygous for the COX-2-null allele after 4 weeks of healing. The femurs were analyzed for structural (peak torque and maximum rigidity, a and b) and material properties (maximum shear stress and shear modulus, c and d) by torsional mechanical testing to failure. Each fractured femur value was normalized to its contralateral femur value as a percentage and the means with standard errors for each genotype are shown (nZ9). For the COX-2-deficient mice, all values were significantly less than the values from other genotypes (Po0.05). However, no significant differences were detected between the COX-1-null mice and controls.
Fracture healing and lipid mediators
JP O'Connor et al above, COX-2 inhibition appears to affect callus chondrocyte function, leading to impaired endochondral ossification. 13 However, other studies have suggested that COX-2 is critical for differentiation of mesenchymal cells into osteoblasts. 21, 32 COX-2 mRNA levels at the fracture site increase immediately after fracture but peak during the regenerative, rather than inflammatory, phase of healing. 13, 14, 33 Few studies have actually measured lipid mediator levels during fracture healing. Dekel et al. 34 measured prostaglandin E and F levels from the bone and surrounding muscle of rabbit tibial fractures. Prostaglandin E levels released from the bone increased almost fourfold on day 3 after fracture as compared with controls, whereas prostaglandin F levels increased about threefold from day 3 to day 7 in the fractured bone. Significantly higher prostaglandin E and F levels were detected in the surrounding muscle, with E levels peaking at day 7 and F levels peaking at day 14, relative to controls. In mice with targeted mutations of the COX-1, COX-2 or 5-LO genes, significant changes in callus prostaglandin E 2 and F 2a and LTB 4 levels were found. 9 Unexpectedly, loss of the COX-1 or COX-2 enzyme led to elevated mouse femur fracture callus PGE 2 levels at day 4 after fracture. In contrast, PGF 2a levels were near zero in the COX-2null calluses, whereas LTB 4 levels were markedly elevated. In rat fracture calluses, PGE 2 levels peaked at day 1 after fracture before declining to baseline levels by day 14. 35 Interestingly, in rats treated with keterolac or valdecoxib for 7 days after fracture, PGE 2 levels were greater than those of placebo controls at 14 days after fracture, indicating that the normal pattern of COX-2 expression is disrupted by NSAID therapy. 35 In humans, increased levels of urine 11b-PGF 2a , a metabolite of PGD 2 , were detected in fracture patients 5-6 weeks after fracture. 22 Together these observations indicate that pharmacological or genetic inhibition of the enzymes responsible for lipid mediator synthesis alters the temporal or cellular pattern of expression and activity of COX-1, COX-2 and 5-LO. As the normal pattern of COX-1, COX-2 and 5-LO expression and activity has yet to be clearly defined, the consequences of disrupting the activity of one or more of these enzymes on lipid mediator synthesis remains to be determined and to be correlated to fracture-healing outcomes.
The Role of Lipid Mediator Receptors in Fracture Healing
The AA-derived lipid mediators signal through G-proteincoupled receptors to affect intracellular cAMP and Ca 2 þ levels. As shown in Figure 1 , receptors for several of the AA-derived lipid mediators have been identified. As modulating the activity of AA-derived lipid mediator synthesis enzymes can alter fracture healing, similar effects would be expected by modulating the activity of the receptors for those lipid mediators. However, only a few published studies have been performed to test this contention. Mouse models with targeted null mutations in the prostaglandin and leukotriene receptors have been developed. 36, 37 Published reports specifically testing whether loss of a lipid mediator receptor would affect fracture healing have focused on the PGE 2 receptors. Activation of the PGE 2 receptor prostaglandin E receptor 1 (EP1) increases intracellular Ca 2 þ ; activation of EP2 or EP4 increases cAMP levels; and activation of EP3 decreases cAMP levels. Aged EP4-null mice (15-16 months old) have significantly reduced bone mass and show impaired fracture healing characterized by small callus formation with reduced amounts of cartilage that persists longer than in age-matched controls. 38 Conversely, fracture healing appears to be accelerated in mice null for EP1. 39 In this case, loss of EP1 function is characterized by an early abundance of callus cartilage formation that more rapidly progresses into hypertrophy, similar to what was observed in 5-LO-null mice. 9 The effects of prostaglandin receptor agonists on fracture healing generally support the fracture healing phenotypes of the receptor-null mice. An EP2 agonist, CP-533 536, was found to enhance rat femur fracture healing and to promote canine segmental defect and osteotomy healing. 40, 41 An EP4 agonist, ONO-4819, was also shown to promote healing of rat femur cortical defects and enhance the activity of bone morphogenetic protein 2 during rabbit spinal fusion. 42, 43 When fractures in COX-2-null mice were treated with an EP2 (CP-463755) or an EP4 (CP-734432) agonist, the EP4 agonist rescued fracture healing in the COX-2-null mice better than did the EP2 agonist. 14 The effects of montelukast treatment on fracture healing have also been studied. Montelukast antagonizes cysteinyl leukotriene receptor 1 and is commonly used to treat asthma. 44, 45 Mice treated with montelukast daily (1.5 mg kg À 1 , gastro-intestinal gavage) showed increased fracture callus cartilage amounts similar to what had been observed in 5-LOnull mice or in rats treated with a 5-LO inhibitor. 9, 13, 46 In contrast, when rats were treated with montelukast daily (1 mg kg À 1 , intraperitoneal injection), no effect on tibial fracture healing was observed. 47 The doses of montelukast used were several-fold higher than those used in humans (B0.15 mg kg À 1 per day). This is relevant in that high concentrations of montelukast can also inhibit 5-LO activity in addition to antagonizing cysteinyl leukotriene receptor 1. 48 Thus, it is unclear whether the positive effects of montelukast on fracture healing are specific only to mice and whether the effect can be attributed to cysteinyl leukotriene receptor 1 antagonism or 5-LO inhibition.
Many AA-derived lipid mediator receptor agonists and antagonists have been evaluated for effects on osteoblasts, chondrocytes, endothelial cells and osteoclasts in vitro. Fewer have been tested for in vivo effects, although bone formation was identified as a side effect of using PGE 1 to treat ductus arteriosus in children. 49 Still, many of the lipid mediator agonists and antagonists have promising, potential therapeutic effects. For instance, RvE1 can impair osteoclastogenesis and, unlike PGE 2 or LTB 4 , local application of RvE1 can limit bone destruction associated with periodontal disease. 50 However, direct testing of RvE1 and many other agonists and antagonists on fracture healing remains to be performed.
Conclusions
As described above, numerous animal studies support a role for O-6 and O-3 fatty acid-derived lipid mediators in bone biology and fracture healing. To a great extent, the cited material was limited to in vivo studies. However, many reports describe the effects of lipid mediators on osteoclasts, osteoblasts and chondrocytes and in some circumstances support and, in others, contradict the in vivo studies. The contradictions may, in part, reflect crucial gaps in our knowledge of lipid mediators that regulate bone homeostasis and regeneration. Clear 
